THE circulation time is the shortest time taken by an injected substance to travel through the circulatory system to a designated site where it produces its characteristic physiologic or physical response. ' In recent years, the measurement of the circulation time has been employed widely in the diagnosis of cardiac disease and in the evaluation of cardiac function. Modern methods of estimating the velocity of blood flow are both simple and safe. Consequently, an imposing volume of data has accumulated during the past 3 decades that substantially has increased our knowledge.
The purpose of this communication is to review the more important advances in the measurement of the circulation time and in the understanding of its significance.
HISTORICAL REVIEW
Harvey's2 discovery in 1628 that blood moves in a circuit first awakened interest in the problem of the velocity of blood flow. More than a century passed, however, before the next significant contribution was made in this field. In 1733, Stephen Hales3 computed the velocity of blood flow in the aorta of the horse. This he did by estimating the capacity of the left ventricle, measuring the diameter of the base of the aorta, and measuring the pulse rate.
In The introduction of flow-measuring devices into blood vessels first was attempted by Volkmann in 1850, and in the latter part of the nineteenth century by Cybulski and Frank. These methods were crude and the results difficult to interpret accurately. 7 In 1892 Meyer6 used blood containing methemoglobin as a test substance in animals and determined its time of arrival by spectroscopy.
A notable advance appeared in 1893 when Stewart8 introduced methods that obviated the collection of samples from an opened blood vessel. He injected hypertonic saline solution into a jugular vein and recorded its arrival at other points in the vascular circuit. By placing a blood vessel between 2 nonpolarizable electrodes, he detected a change in the electric conductivity of the vessel when the injected material arrived. He also used methylene blue, observing by transillumination the time at which the dye appeared in the common carotid artery.
The injection of peptone solution into the femoral artery was employed by Nolf6 in 1902. He accepted the interval between the local and general lowering of blood pressure as the minimal circulation time of the animal. The marked alteration in hemodynamics produced by such measures obviously vitiated his results.
In 1906 Heinz9 measured the circulation time of horses and dogs by injecting into their jugular veins lethal doses of strychnine or potassium nitrate.
lie estimated that the time elapsing between the injection and the death of the animal represented the circulation time.
VELOCITY OF BLOOD FLOW IN HEALTH AND DISEASE
A simple means of estimating the velocity of blood flow in animals was devised by Loevenhart and his associates'2 in 1922. They showed that small doses of sodium cyanide could be employed with safety and that a characteristic alteration in depth of respiration consistently signaled the end point. The arm-to-carotid sinus circulation time thereby was measured.
Using radium C, the active deposit of radium emanation as the test substance, Blumgart and his associates7'3-'25 measured the circulation time in normal subjects and in a wide variety of pathologic states. These studies, begun in 1924, were among the earliest to utilize radioactive materials as biological tracers. After injection of a minute amount of sodium chloride solution containing radium C, the times of arrival of the active deposit in the right chambers of the heart and in the arteries about the elbow of the arm were detected by suitably placed Geiger counting chambers and were automatically registered on paper tape. The arm-to-heart and pulmonary circulation times thereby were measured.
In the following years, many other methods were devised and reported. The "circulation time" measures the velocity of blood flow in a given segment of the circulation. The arm-to-tongue, arm-to-face, arm-to-carotid sinus, or arm-to-medulla time measures the circulation time in the veins of the arm, the superior vena cava, the right heart, the lungs, the left heart, and a short arterial segment. The arm-to-lung time measures the circulation time in the veins of the arm, the superior vena cava, the right heart, and the pulmonary arterial segment. Various other pathways such as arm-to-perineum and armto-foot have been studied.
Obviously the circulation time is the sum of the times during which the test substance traverses the successive segments of a given pathway. Factors that influence one or more of the segments are reflected in the total circulation time. A reduction of blood velocity in one segment therefore could readily be counterbalanced by an increase of velocity in another portion of the pathway.
Physical obstruction (e.g., mediastinal tumor) to the entry of blood into the superior vena cava would tend to lengthen the circulation time. Although an elevated venous pressure per se does not alter the circulation time," the consequent venous distention with the increased cross-section area of the flowing stream tends to slow the velocity of blood flow.
In the heart, a number of factors influence the circulation time. Congenital cardiac anomalies with a significant right-to-left shunt usually produce a short circulation time. A decrease in cardiac output tends to lengthen the circulation time, congestive heart failure being the best example. A heart that is expelling a greatly increased volume of blood generally is associated with a swift velocity of blood flow (short circulation time).28, 29 The size of the heart is regarded by many to influence greatly the circulation time.30-34 The prolonged circulation time in patients with cardiac enlargement has been ascribed to excessive dilution of the test substance by the increased residual blood in the dilated heart.32 It is difficult however to visualize sufficient intracardiac stagnation to account for the prolonged circulation time in a heart that is beating 80 to 120 times a minute and expelling liters of blood during this time.35 The correlation between cardiac dilatation and increased circulation time probably represents association more than an etiologic relationship. Circulation times in the high normal range have been recorded in patients with enormous hearts.29
In isolated right ventricular failure, the velocity of blood flow from arm-to-lung is retarded, whereas the speed of flow from lung to tongue is relatively unimpaired.36 Isolated left ventricular failure is suggested by a relatively normal arm-to-lung circulation time with a prolonged lung-to-tongue time. [37] [38] [39] Abnormalities of the great vessels, e.g., truncus arteriosus and patent ductus arteriosus with reversed flow, frequently produce rapid circulation times. On the other hand, left-to-right shunts in the great vessels may occasionally delay the arrival of an effective concentration of the test substance at the receptor organ.
Diseases of the lung may influence the velocity of blood flow. Pulmonary disease that has not produced secondary cardiac changes or compensatory polycythemia seldom causes prolongation of the circulation time.19' 36, 40 The latter is normal or slightly accelerated in a variety of lung diseases. The acceleration, when present, is due presumably to compensatory increase in cardiac output. The addition of pulmonary congestion to a patient already compromised by a reduced cardiac output causes further lengthening of the circulation time because of the increased cross-sectional diameter of the stream of blood flowing through the lungs.4'-43 Pulmonary arteriovenous fistulae shorten the circulation time.
After leaving the left ventricle, the test substance must traverse the arterial segment before arriving at the reaction site. Age. The velocity of blood flow is somewhat rapid in childhood.'3 A slower circulation time45
with increasing age has been reported although 4'50 some observers have failed to corroborate this observation.46 ' 47 Emotion. Apprehension and anxiety by increasing cardiac output tend to shorten the circulation time.4" 48 Position of the Patient. Several studies have been carried out to determine the influence of posture upon the velocity of blood flow in man with extremely variable conclusions.49-3 In a recent report44 no alteration in circulation time was noted in patients in whom the test was carried out both in the vertical and horizontal positions.
Basal State. Formerly it was thought necessary to perform the circulation time test under rigid basal metabolic conditions.'3 Although this no longer applies, care is taken to insure that the subject has not eaten for at least 3 hours,54 nor exercised within 1 hour of the performance of the test.26, 41, 55 Dose of Injected Material. Convincing evidence demonstrates that the circulation time may be shortened by increasing the dose of the test substance. With smaller doses, the dilution in the blood stream leads to low concentrations of the oncoming head of the material that are not detectable. Once the optimal dose is reached, further increase fails to produce further reduction of circulation time. The wide scatter and high range of "normal" values may be due in large part to this fact. 44 The optimal dosage of test substances varies widely in different individuals. Ideally, the correct dose should first be discovered empirically before recording the circulation time in a given subject.
Volume Congestive Heart Failure. The distinction between low and high output failure must be kept in mind. In the former, the circulation time tends to be prolonged; in the latter, it is within the usual normal limits or is somewhat shortened. The lengthened circulation time in low output failure is a reflection of myocardial insufficiency irrespective of its etiology.
In those conditions such as thyrotoxicosis or beriberi heart disease, in which high output failure tends to develop, the velocity of blood flow is increased and the circulation time is shorter than normal. With the development of cardiac failure the blood flow is slowed but usually not enough to produce a circulation time longer than normal.
Right and Left Heart Failure. The circulation time is of little value in diagnosing preponderantly right ventricular failure such as cor pulmonale. The characteristic findings are reported as being a prolonged arm-to-lung time with a relatively normal lung-to-tongue time.36 However, normal arm-to-lung times were found in 34 patients suffering from general heart failure with presumably right and left heart failure.37 Moreover, typical circulatory findings were not present in 2 patients with primary pulmonary hypertension who exhibited the purest form of isolated right heart failure.'00 Isolated failure of the left ventricle may be suspected when a normal arm-to-lung time is found in association with a lengthened lung-totongue time.
Congenital Heart Disease. Circulation time measurements have been used to differentiate certain types of congenital heart disease.'0. 102 In atrial or ventricular septal defects with leftto-right shunts, the circulation time remains within the normal range. In the cyanotic group with a large proportion of blood passing directly from the right ventricle into the aorta, the circulation time is shortened.103 But Pulmonary Emphysema. Severe chronic pulmonary emphysema does not necessarily obstruct the circulation sufficiently to interfere with the normal velocity of blood flow through the lungs. On the contrary, in some patients with emphysema the velocity of blood flow is increased. This increase may reflect a compensatory response of the circulatory system to deficient pulmonary ventilation. In a recent study of 25 patients with uncomplicated pulmonary emphysema, the lung-to-tongue and arm-to-tongue circulation times were significantly shorter than normal. 38, 40, 57 A severe attack of bronchial asthma occasionally may closely mimic acute pulmonary edema due to left ventricular failure. In the rare instance where a history cannot readily be obtained, a circulation time may quickly decide the issue, for the patient with left ventricular failure usually has a considerably prolonged circulation time.
Pneumothorax. The arm-to-lung time is decreased initially following the production of artificial pneumothorax. This change is thought to be due to the decrease in the pulmonary vascular bed and an increase in the heart rate."' Pneumonia. The circulation time in pneumonia is normal or decreased. In those instances in which a decreased circulation time is found, fever may be an important cause."10 Again, the reduction in the pulmonary vascular bed may play a part in the acceleration of blood flow.
Thyrotoxicosis. The velocity of blood flow is strikingly increased in this disease. In the circulation time tends to shorten considerably. Polycythenia. In polycythemia vera, the circulation time usually is prolonged, more as a result of the greatly increased blood volume and vasodilatation than because of the increased blood viscosity.' Peripheral Vascular Disease. Kvale and Allen28 used a solution of magnesium sulfate, calcium gluconate, and copper sulfate to measure arm-to-tongue, arm-to-handd, arm-to-perineum, and arm-to-foot circulation times. In normal individuals they obtained a wide range of values, especially in the arm-to-foot times. They reported that in Buerger's disease and obliterative atherosclerosis the speed of the blood flow to the hands and feet generally was diminished, usually depending upon, and evidently related to, the degree of vascular obliteration. Inconsistent results, however, led them to believe that the method could not be used to diagnose occlusive arterial disease.
Elkin and associates"2 used radioactive sodium to measure circulation time to the extremities and were unimpressed with the results obtained. 
